A conformational isoform of the mammalian prion protein (PrP Sc ) is the sole component of the infectious pathogen that causes the prion diseases. We have obtained X-ray fiber diffraction patterns from infectious prions that show cross-␤ diffraction: meridional intensity at 4.8 Å resolution, indicating the presence of ␤ strands running approximately at right angles to the filament axis and characteristic of amyloid structure. Some of the patterns also indicated the presence of a repeating unit along the fiber axis, corresponding to four ␤-strands. We found that recombinant (rec) PrP amyloid differs substantially from highly infectious brainderived prions, both in structure as demonstrated by the diffraction data, and in heterogeneity as shown by electron microscopy. In addition to the strong 4.8 Å meridional reflection, the recPrP amyloid diffraction is characterized by strong equatorial intensity at approximately 10.5 Å, absent from brain-derived prions, and indicating the presence of stacked ␤-sheets. Synthetic prions recovered from transgenic mice inoculated with recPrP amyloid displayed structural characteristics and homogeneity similar to those of naturally occurring prions. The relationship between the structural differences and prion infectivity is uncertain, but might be explained by any of several hypotheses: only a minority of recPrP amyloid possesses a replication-competent conformation, the majority of recPrP amyloid has to undergo a conformational maturation to acquire replication competency, or inhibitory forms of recPrP amyloid interfere with replication during the initial transmission.
A conformational isoform of the mammalian prion protein (PrP Sc ) is the sole component of the infectious pathogen that causes the prion diseases. We have obtained X-ray fiber diffraction patterns from infectious prions that show cross-␤ diffraction: meridional intensity at 4.8 Å resolution, indicating the presence of ␤ strands running approximately at right angles to the filament axis and characteristic of amyloid structure. Some of the patterns also indicated the presence of a repeating unit along the fiber axis, corresponding to four ␤-strands. We found that recombinant (rec) PrP amyloid differs substantially from highly infectious brainderived prions, both in structure as demonstrated by the diffraction data, and in heterogeneity as shown by electron microscopy. In addition to the strong 4.8 Å meridional reflection, the recPrP amyloid diffraction is characterized by strong equatorial intensity at approximately 10.5 Å, absent from brain-derived prions, and indicating the presence of stacked ␤-sheets. Synthetic prions recovered from transgenic mice inoculated with recPrP amyloid displayed structural characteristics and homogeneity similar to those of naturally occurring prions. The relationship between the structural differences and prion infectivity is uncertain, but might be explained by any of several hypotheses: only a minority of recPrP amyloid possesses a replication-competent conformation, the majority of recPrP amyloid has to undergo a conformational maturation to acquire replication competency, or inhibitory forms of recPrP amyloid interfere with replication during the initial transmission.
amyloid ͉ protein ͉ neurodegeneration ͉ PrP ͉ ␤-helix P rions are infectious proteins that cause human CreutzfeldtJakob disease, bovine spongiform encephalopathy (mad cow disease), ovine scrapie, and several other mammalian CNS disorders (1) . The sole component of the mammalian prion is a conformational isoform of the approximately 200-residue prion protein, designated PrP Sc . Limited proteolysis of PrP Sc removes approximately 65 residues from the N terminus to form PrP 27-30, which retains prion infectivity (2) . The precursor of PrP Sc is PrP C , which is encoded by a chromosomal gene; PrP C clusters in lipid rafts on the external surfaces of cells where it seems to bind copper and to function in signal transduction (3, 4) .
In the presence of detergent, PrP 27-30 polymerizes into rod-shaped particles that exhibit the morphological and tinctorial properties of amyloid (2, 5) . The defining property of all amyloids, which are filamentous assemblies of misfolded proteins found in association with more than 20 diseases, is the cross-␤ structure that results from hydrogen bonded ␤-strands running approximately orthogonally to the filament axis (6). The distinctive cross-␤ fiber diffraction pattern (7, 8) , a strong meridional intensity at about 4.75 Å resolution often accompanied by weaker equatorial intensity at about 10 Å, has long been recognized (9, 10) . Spectroscopic measurements suggest that about 50% of the amyloid form of PrP is ␤-structure, compared with less than 3% in native PrP C (11, 12) , but until now, cross-␤ diffraction has not been definitively observed from either PrP Sc or PrP 27-30 (13) .
Structural studies of infectious mammalian prions have been limited by disorder and the insolubility of both PrP Sc and PrP 27-30. Two-dimensional (2D) crystals suitable for crystallographic reconstruction have been found in preparations of PrP 27-30 (14) . Projection maps at an approximate 12 Å resolution from negative stain electron microscopy (EM) were fitted by a trimeric model in which each PrP 27-30 subunit contained four turns of a left-handed ␤-helix, and it was suggested that PrP amyloid fibrils might consist of stacked trimers of PrP 27-30 (15, 16) . A ␤-helical structure has been found in solid-state NMR studies of the unrelated fungal prion HET-s (17) . An apparent 60-Å structural repeat along the filament axis has been reported in studies of recombinant (rec) mouse (Mo) PrP (91-231) by negative stain EM (18) . In X-ray fiber diffraction studies of PrP fragments (13, 19, 20) , distinct cross-␤ patterns were obtained, and in crystallographic studies, a six-residue fragment of PrP was found to adopt a ␤-sheet structure (21) . These fragments, however, are devoid of prion infectivity, and the relationship between the structures of such small peptides and that of the much larger infectious PrP remains unclear.
We report here unambiguous fiber diffraction patterns from infectious PrP 27-30 that show cross-␤ diffraction. We also describe diffraction patterns from infectious recombinant amyloid and from ''synthetic prions'' recovered from the brains of Tg9949 mice overexpressing N-terminally truncated MoPrP that had been inoculated with recMoPrP (89-230) amyloid (22) . The diffraction patterns and by inference the structures of brainderived prions and recombinant PrP amyloid are substantially different. The synthetic prions, however, are similar to the naturally occurring prions.
Results and Discussion
Diffraction from Prions and Recombinant PrP Amyloid. Fiber diffraction patterns (Fig. 1A ) from Syrian hamster (SHa) PrP 27-30, strain Sc237, exhibited a broad but marked meridional intensity maximum at about 4.8 Å resolution and a strong, sharp meridional maximum at 4.15 Å. We attribute the 4.15 Å diffraction to contaminating membrane lipids (23, 24) partially oriented by association with the PrP assemblies, presumably through the glycosyl-phosphatidyl inositol (GPI) anchor of PrP. The maximum at 4.8 Å is characteristic of amyloid structure (9, 10) . These patterns also exhibited a series of equatorial maxima diminishing in intensity with increasing resolution; in the best-defined pat-terns, these were measured at 30.9 Å, 20.3 Å, 15.5 Å, 11.9 Å, 9.3 Å, and 7.9 Å ( Table 1 ). Equatorial diffraction from many fibers also included an intense, moderately sharp, low-angle reflection ( Fig. 1 A, Inset) . This ref lection is at 63.3 Å resolution in Fig.  1 A, but its position varied, being sometimes as low as 75 Å. In patterns containing this reflection, the first few low-angle equatorial peaks were sharper than those at higher resolution, as seen in Fig. 1 A. The reflection was completely absent from some patterns, however. Patterns without the low-angle reflection contained a broad, intense origin peak, with all of the remaining equatorial peaks comparable in breadth to those seen at higher diffraction angles in Fig. 1 A. The presence of such sharp reflections at low diffraction angles in an otherwise continuous diffraction pattern is typical of fibers with poorly ordered paracrystalline packing, observed for example in filamentous plant viruses (25) . The positions of these crystalline reflections may vary, depending on the water content of the dried fiber. The positions of the remaining equatorial peaks in Fig. 1 A are consistent (26) with continuous diffraction from a filament approximating a solid cylinder of diameter 55 Å. They might also be explained by arrays of regularly-spaced fibrils of any structure, but this explanation is inconsistent with the complete absence of low-angle diffraction from some fibers. We therefore interpret the equatorial data as diffraction from filaments lacking any highly contrasted structural features to a resolution of about 7 Å, sampled at low angles in some cases because of partial paracrystallinity. The smallest observed packing distance, 63 Å, corresponds to hexagonal paracrystalline packing of filaments with a unit cell edge of 72 Å.
Diffraction patterns from recSHaPrP (90-231) amyloid (Fig. 1B ) were markedly different from those of brain-derived prions. There was a well-defined 4.8 Å meridional layer line, with sharp meridional intensity and clear subsidiary maxima. The equator was dominated by a broad maximum at 10.5 Å resolution, comparable to those seen in diffraction from short peptide amyloids (24, 27) . RecMoPrP (89-230) amyloid gave similar diffraction patterns (Fig.  S1 ). There was no evidence for a 60 Å repeat along the filament axis (18) in the diffraction from recMoPrP amyloid, recSHaPrP amyloid, or brain-derived prions ( Fig. S1 and Fig. 1 ).
The marked differences in the equatorial diffraction from recSHaPrP (90-231) amyloid and SHaSc237 prions imply that the majority of the recombinant fibrils do not have the same amyloid structure as the prions isolated from rodent brain. The broad, strong intensity maximum at 10.5 Å resolution in Fig. 1B , together with the 4.8 Å meridional diffraction, is characteristic of a stacked-sheet amyloid structure: ␤-sheets packed together with inter-sheet spacings close to 10 Å (8, 9, 10, 24). In contrast, the intensities in the Sc237 equatorial diffraction ( Fig. 1 A) become progressively weaker as the distance from the origin increases, with no evidence (for example, pronounced 10 Å equatorial diffraction) for any internal structural features regularly spaced at right angles to the filament axis. Diffraction maxima positions in real and reciprocal space with qualitative intensity (vs, very strong; s, strong; m, medium; w, weak; vw, very weak) from SHaPrP 27-30 strain Sc237 ( Fig. 1 A) , and MoPrP 27-30 strain RML (Fig.  2 A) . ЉOriginЉ refers to groups of maxima interpreted as coming from the same structural features or component: p, protein; l, lipid or lipid/detergent; u, unknown contaminant.
30(RML)] using phosphotungstic acid (PTA) precipitation (see Methods)
. In this procedure, small amounts of Sarkosyl (Ͻ0.2%) from the purification procedure remain in the samples. The Sarkosyl concentration in the fibers after drying was considerably higher; it is likely to be 10-20 times the initial concentration. Diffraction patterns from these samples included numerous intensities attributable to lipids or lipid-detergent assemblies ( Fig. 2A and Table 1 ); all of the MoPrP 27-30(RML) patterns included one or two series of strong, relatively sharp, crystalline equatorial intensities corresponding to spacings of about 40 Å (Table 1 , origin group l). The spacings, relatively high orders, and sharpness of these intensities are characteristic of diffraction from lipid or lipid-detergent assemblies (28, 29) ; reflections similar to these are seen in patterns from uninfected mouse brain controls, and even from high concentrations of pure Sarkosyl, although with much less orientation. As in the case of the 4.1 Å diffraction from SHaPrP 27-30 ( Fig. 1 A) , we attribute the lipid orientation in Fig. 2 to association with the PrP assemblies through the GPI anchor.
Although the diffraction patterns from these fibers were less well-oriented than those of the SHaPrP 27-30 fibers and somewhat complicated by the presence of the crystalline lipid diffraction, they did contain information not observed in the SHaPrP 27-30 patterns, in the form of meridional reflections corresponding to a 19.2 Å axial repeat in the structure. The MoPrP 27-30(RML) patterns contained at least 11 meridional intensity maxima ( Fig. 2 A and Table 1 ), which could be classified into three groups, ''l,'' ''u,'' and ''p'' in Table 1 . Group ''l,'' relatively sharp maxima at resolutions close to 4.1 Å and 8.2 Å, most probably comes from lipid or lipid-detergent assemblies, reflecting the spacing between hydrocarbon chains. We are not yet able to account for group ''u,'' a pair of relatively sharp intensities at 7.7-and 7.4 Å resolution, but early workers (23) observed unexplained broad diffraction at 7.5 Å from mouse liver and spleen amyloid preparations. Although these samples are virtually free of protein contaminants (Fig. S2) , they still contain non-protein components, and we attribute these intensities to such contaminants. The positions of the intensities in this group do not bear simple relationships to those of any other intensities.
Group ''p,'' in contrast, can be interpreted in terms of protein structure. This group contains three maxima: very weak, broad cross-␤ diffraction at 4.8 Å (Fig. 2 A, inset) , and moderately broad arcs at 9.6 Å and 6.4 Å. These maxima correspond to the second, third, and fourth orders of a 19.2 Å repeat, the size of a four-stranded ␤-sheet. The presence of such sheets is consistent with the amyloid properties of the MoPrP 27-30(RML) fibrils and their high ␤-sheet content. The weakness of the 4.8 Å diffraction may reflect irregularity in the spacing of the four strands. Although these data strongly support the presence of a four-strand ␤ structure, they do not indicate whether that structure consists of an isolated sheet, stacked sheets, ␤-helices, or any other form of ␤ structure.
Diffraction patterns from PTA-precipitated SHaPrP 27-30(Sc237) fibrils, although not nearly as well oriented as those from MoPrP 27-30(RML), did show diffraction at 9.6 Å, 6.4 Å, and 4.8 Å, indicating that the two prion strains MoRML and SHaSc237 have a similar overall architecture.
Passaged Recombinant PrP. Diffraction patterns (Fig. 2B) were also obtained from fibers of a synthetic prion isolate, MoSP1 (22) . RecMoPrP (89-230) amyloid was used to infect Tg9949 mice overexpressing an equivalently truncated PrP construct. Fiber diffraction samples were prepared from diseased brains of the second passage in Tg9949 mice. Diffraction patterns from the synthetic prion MoSP1 isolate were almost indistinguishable from those of the naturally occurring RML prion isolate (Fig.  2 A) . Equatorial intensities from samples purified by the PTA precipitation procedure are difficult to distinguish in the presence of lipid diffraction, but it seems likely that strong 10 Å diffraction as seen in the Mo and SHa recombinant amyloid diffraction patterns (Fig. S1B) would be recognizable. Meridional intensities in the MoSP1 pattern included peaks at 9.6 and 6.4 Å and the cross-␤ peak at 4.8 Å. The cross-␤ peak from MoSP1 (Fig. 2B) , however, was stronger and sharper than the corresponding peak from RML (Fig. 2 A) .
Prion Protein Conformation. Although the fiber diffraction data are not yet sufficient to allow a complete description of the PrP Sc conformation, they do allow some features to be identified with confidence, and eliminate a number of possible models. All of the PrP amyloids studied exhibited cross-␤ diffraction; models of PrP Sc therefore need to incorporate cross-␤ structure, as many (14, 15, 30, 31) but not all (32, 33) published models do. The SHaSc237, MoRML, and MoSP1 prion structures all repeat in a distance of 19.2 Å, corresponding to four strands of ␤ structure. One might construct a simple prion model from ␤-sheets in which each ␤-strand came from a separate PrP molecule, an extension of the ''steric zipper'' amyloid structure observed in crystallographic studies of short peptides (21, 34) , but such a model would be inconsistent with the 19.2 Å repeat.
While the four-stranded axial arrangement of ␤-strands in PrP Sc structure is clear, the cross-sectional structure (that is, the arrangement of the strands and the remainder of the protein) is more difficult to define. It has generally been assumed (35, 36) that the absence of prominent 10-Å equatorial diffraction may be taken as an indication of cross-␤ structure different from the stacked-sheet structure; several different helical structures have been suggested. In support of this assumption, we have calculated diffraction for a number of helical and stacked-sheet structures (Figs. S3 and S4) . We used the ␤-helix (15) and water-filled nanotube (35) models as starting points for the construction of helical models, and the crystal structure of the amyloidogenic peptide GNNQQNY (34) as a starting point for stacked-sheet structures. No PrP structure is likely to approach 100% ␤ structure as found in GNNQQNY, but the ␤ content of PrP 27-30 is relatively high; estimates are close to 50% (11, 12, Table S1 ). Calculated diffraction patterns varied, but in no case did we find calculated diffraction from any stacked-sheet structure similar to the observed equatorial diffraction from SHaSc237 ( Fig. 1 A) , or calculated diffraction from a helical structure similar to the observed diffraction from recSHaPrP (90-231) amyloid. There was, however, good qualitative agreement between calculated diffraction from some of the stacked-sheet structures and observed diffraction from recSHaPrP (90-231) amyloid, and between calculated diffraction from some ␤-helical structures and diffraction from SHaSc237 (Fig. 3) . Agreement with the ␤-helical A B calculated patterns was much better when disorder was included in the model; in particular, a high degree of disorder was assumed for the predominantly ␣-helical C-terminal part of the protein (Fig. S3 ). This disorder greatly weakened the first three orders of the 19.2 Å meridional diffraction relative to the fourth (4.8 Å) order, as observed in Fig. 1 A for Sc237. The simulations thus support the hypothesis that the recombinant PrP amyloid structure is similar to the stacked-sheet structure found in many other amyloids, while the brain-derived prion structures are substantially different. The simulations do not eliminate all possible non-helical models for natural prion structures, but the helical models, and in particular the ␤-helical model, are more consistent with our data (Fig. 3 and Fig. S3) . Regardless of the nature of the actual prion structure, it is clearly quite different from the predominant recPrP amyloid structure.
Architecture of the Prion Rods. Electron micrographs of prion rods composed of PrP 27-30 from natural prion isolates Sc237 and RML showed relatively homogeneous populations of filaments that were similar in appearance (Fig. 4 A and C) . Twisted pairs of filaments were frequently observed. Occasionally, filaments showed evidence of protofilament structure. Some twisted filaments were reminiscent of the scrapie-associated fibrils that had been found in scrapie-infected rodent brains but thought to be distinct from amyloids (37) .
Samples with higher concentrations of residual lipids and detergents contained filaments that were decorated with what appeared to be lipid-detergent micelles (Fig. 4F) . These micelles presumably associate with the GPI anchor of the PrP 27-30 molecules, and may contribute substantially to the oriented lipid diffraction seen in Figs. 1 A and 2 A and B .
RecSHaPrP (90-231) and recMoPrP (89-230) amyloids (Fig. 4  B and D) were more heterogeneous than the PrP 27-30 prion rods isolated from brain. Several different populations of filaments were present, including roughly cylindrical filaments without pronounced helical periodicities and flat ribbons with and without periodic twists. The calculated average diameter is therefore not a good representation of the diameter of individual filament subtypes.
The synthetic MoSP1 prion rods obtained after passage of recMoPrP (89-230) through Tg9949 mice were similar in appearance, homogeneity, and apparent diameter (Fig. 4E) to those purified from the brains of mice inoculated with naturally occurring RML prions. However, they differed substantially from the recMoPrP (89-230) amyloids.
The SHaPrP 27-30(Sc237) and MoPrP 27-30(RML) fiber diffraction data were combined with volume and density calculations to estimate the diameter and protofilament structure of the fibrils. The low resolution crystalline diffraction observed in SHaPrP 27-30 patterns (Fig. 1 A) indicates a filament spacing of about 72 Å, close to the 69-Å spacing of the PrP 27-30 trimers measured from 2D crystal lattices (14) (15) (16) . Estimates of the diameter (discussed above) from the fiber diffraction solid cylinder approximation [55 Å for SHaPrP 27-30(Sc237)] and from EM (57 Å for Sc237, 48 Å for RML, and 53 Å for MoSP1) are smaller, raising the possibility that the fibrils have compact cores, with polypeptide extensions beyond the cores. In that case, EM will underestimate diameters because of stain penetration, which is a common effect in negative staining (38) and has been seen in studies of 2D crystals (14, 16) . These considerations suggest that each fibril has a closely packed core about 50 Å in diameter, a more open outer structure, and a maximum width of 70 Å or more. The number of protein subunits in the repeating unit of SHaPrP 27-30(Sc237) can be determined by considering the volume of the crystalline unit cell and the probable densities of the protein and oligosaccharide components of PrP 27-30. We estimate the volume of the protein moiety of PrP 27-30 to be approximately 19,000 Å 3 (39) . To this must be added the volume of the two N-linked carbohydrates and a GPI anchor. If we estimate the total carbohydrate molecular weight to be approximately 5,000 (40) and assume a typical branched carbohydrate density of 1.5 g/mL (41), the total molecular volume is 25,000 Å 3 . To this must be added a contribution from bound and unbound water, particularly in view of the high carbohydrate content.
The hexagonal unit cell of SHaPrP 27-30(Sc237) has a unit cell edge of 72 Å. The unit cell edge in the axial direction is 19.2 Å, as observed in the PTA-precipitated diffraction data. Even without those data, molecular volume calculations support a 19.2 Å repeat; from the diffraction pattern in Fig. 1 A, the axial dimension must be a multiple of 4.8 Å, but a repeating unit of only 4.8 Å would make the unit cell too small to accommodate even a single molecule of PrP 27-30, and a repeat of 9.6 Å would only be consistent with a somewhat improbable one subunit in the repeating unit. The absence of the first three orders of the weak 19.2 Å meridional intensity in Fig. 1 A can be accounted for by disorder in the filament, so that only diffraction from the dominant 4.8 Å repeat is observed (Fig. S3) . The volume of the hexagonal unit cell (a ϭ 72 Å, c ϭ 19.2 Å) is therefore 86,200 Å 3 . This volume would fit three protein subunits (and therefore protofilaments) well, although it does not exclude the possibility of two. For three protofilaments, the water content of the fiber would be approximately 13%; for two protofilaments, an unusually high 42%. A three-protofilament structure would be consistent with the trimeric unit cell of the 2D crystals of PrP 27-30 (15) .
Structure and Infectivity. We have shown that the structures of brain-derived prions and recMoPrP (89 -230) amyloid are markedly different, there are also substantial differences in their infectivity. While recMoPrP (89 -230) amyloid is infectious, incubation times on initial passage in Tg mice were about 500 days (22) . On second passage through Tg9949 mice, the synthetic MoSP1 prions studied here exhibited incubation times much shorter than those of recMoPrP (89 -230) amyloid although they were still about double those of naturally occurring RML prions derived from sheep with scrapie (42) . On repeated passage, stable prions with long incubation times tend toward less stable conformations with shorter incubation times, since the fastest replicating prions will ultimately predominate. Structurally, we have shown that MoSP1 prions are much more like RML prions than recMoPrP (89 -230) amyloid. It seems likely that the structural differences are related to the differences in infectivity although the nature of this relationship is not yet understood. Determining conditions for polymerization of recMoPrP (89 -230) into amyloid fibers that give diffraction patterns similar to those of brain-derived prions may allow us to produce highly infectious prions composed of recPrP.
One of several possible explanations may account for the relationship between structure and infectivity. It is important to note that the particle-to-infectivity ratio of brain-derived prions is approximately 3,000 (43) , raising the possibility that the fiber diffraction patterns of PrP 27-30 do not reflect the structure of the ''infectious'' proteins. Conversely, the infectivity of the recMoPrP (89-230) amyloid may be due to a small fraction of molecules that do not make a detectable contribution to the fiber diffraction patterns, but are similar in structure to the brain-derived prions. Alternatively, the predominant structure of recMoPrP (89-230) amyloid may represent an incompletely matured form of PrP amyloid on a pathway leading to the fully replication-competent infectious prion structure; according to this hypothesis, recPrP amyloids mature into synthetic prions during prolonged incubation times in Tg mouse brains. Yet another hypothesis might posit the existence of inhibitory forms of recMoPrP (89-230) amyloid that could interfere with the replication process in vivo, particularly affecting replication efficiency in the initial passage. The possibility that the injection of recPrP amyloid might induce prion disease through the stress that the inoculum exerts on the protein homeostasis machinery is highly unlikely since ␣-helical recPrP and some forms of recPrP aggregates fail to elicit any noticeable response upon inoculation into indicator animals even after prolonged incubation periods.
Our data indicate that brain-derived prions are highly disordered. The cross-␤ diffraction (Figs. 1 A and 2 A and B) is broader than is generally observed for amyloids, with a typical half-width of about 0.005-0.01 Å Ϫ1 . This half-width may correspond to a coherent length (the distance over which order is maintained) as short as 50 Å (44), or about 10 ␤-strands. Even allowing that off-meridional intensity combined with disorientation can cause overestimation of the half-width, the coherent length is short, indicating a much higher degree of disorder than is normally seen in amyloids or most other filamentous biological assemblies. If disorder in the cross-␤ interactions correlates with the conformational stability of the prion, then it should also correlate with prion infectivity. In earlier studies, a direct correlation was found between the stability of the prion and the length of the incubation time-less stable prions exhibited short incubation times, whereas more stable prions had prolonged incubation times (42, 45) . Cross-␤ diffraction from the more ordered and stable MoSP1 prions (42) is much stronger and sharper than the corresponding diffraction from RML prions (Fig.  2 A and B) .
Conclusion. The studies reported here include interpretable fiber diffraction patterns obtained from mammalian prions. The patterns demonstrate cross-␤ structure, confirming the long-standing assumption that prions can form amyloids, and showing that the repeating unit in the brain-derived prion amyloids consists of four layers of ␤-strands. The patterns provide additional information about the degree of order in the fibrils, suggesting that infectivity requires destabilization of the cross-␤ structure, and allow restraints to be placed on models of prion structure. The diffraction patterns are consistent with a stacked ␤-sheet structure for the major component of recPrP amyloid, but not for brain-derived prions. While a ␤-helical model (15) is consistent with the diffraction data, other models cannot be ruled out.
Methods
Detailed methods are provided in SI Methods.
Preparation of PrP 27-30. SHaPrP 27-30, strain Sc237 was prepared from the brains of Syrian hamsters infected with Sc237 prions. The purification was based on multiple precipitation and detergent extraction steps, including a limited digestion with proteinase K (PK; 46). MoPrP 27-30, strain RML was prepared from the brains of RML prion-infected FVB mice. The purification was based on the specific precipitation of PrP 27-30 by PTA and also included a limited digestion with PK (47). MoSP1 ''synthetic prions'' were prepared from the brains of Tg9949 mice overexpressing N-terminally truncated MoPrP(⌬23-88), infected with MoSP1 synthetic prions. The purification was performed as for MoPrP 27-30(RML) except that the proteolysis step was omitted. PTA-precipitated PrP 27-30 was further purified by centrifugation through a sucrose cushion. Finally, the purified prion preparations were pelleted by centrifugation and resuspended in concentrated form in water.
Preparation of Recombinant PrP Amyloid. RecMoPrP (89 -230) and recSHaPrP (90 -231) amyloids were prepared from murine PrP (89 -230) and Syrian hamster PrP (90 -231), respectively, expressed in E. coli. Recombinant PrP was unfolded by denaturation in 10 M urea. Stepwise dilution into saline induced formation of amyloid fibers (48) . In bioassays, these amyloid preparations demonstrated prion infectivity (22) . For the fiber diffraction experiments, the amyloid fibers were pelleted and resuspended in a concentrated form in water.
Fiber Diffraction Data Collection. Diffraction samples were dried fibers maintained at 97% relative humidity (49) . X-ray fiber diffraction data were collected at the Biological Small-Angle X-ray Scattering beamline 4 -2 at Stanford Synchrotron Radiation Laboratory (50) and the BioCARS beamline at the Advanced Photon Source at Argonne National Laboratory.
Fiber Diffraction Data Analysis and Model Construction. Diffraction patterns were analyzed using the program WCEN (51) . Color tables (Fig. S5) were adjusted to visualize the patterns. Molecular models were constructed using SwissPDBViewer (52) .
